INTRODUCTION
Therapeutic drug monitoring (TDM) is a useful tool for the management of individual patients receiving psychopharmacotherapy. Therapeutic drug monitoring is performed through the quantification of serum or plasma concentrations of medications for the purpose of dose optimization. 1 Therapeutic drug monitoring also enables dose adjustment, prevention of adverse drug reactions, and ascertainment of drug adherence, therapeutic nonresponse, or pharmacokinetic drug-drug interactions, as the concentration of the drug correlates with its clinical effect. 2 In psychiatric clinical practice, the benefits of using TDM for tricyclic antidepressants, antipsychotic drugs, and mood-stabilizing drugs have been reported. [3] [4] [5] Regarding mood-stabilizing drugs including lithium and typical antipsychotic drugs, TDM implementation is strongly recommended. 1 Therapeutic drug monitoring is likely to improve the safety of lithium because TDM has advantages in terms of reduced likelihood of toxicity or severe adverse effects. 6 Lithium is widely used for the treatment of bipolar disorder. 7 Therapeutic drug monitoring for lithium has become standard because of lithium's narrow therapeutic range. 1, 3 Measurements of its concentration at treatment initiation and during maintenance are recommended by therapeutic guidelines 5 and package inserts. 8 Reports on the prevalence of TDM for lithium are scarce even if nationwide surveys have sometimes been conducted in some countries. 2, 9, 10 The prevalence of TDM for antipsychotics in Sweden was low (approximately 5%). 11 In Japan, when they received reports of cases of serious lithium poisoning and found that 52% of lithium users underwent no measurements of blood concentration of lithium at all, the Pharmaceuticals and Medical Devices Agency, a regulatory agency in Japan, issued a warning requiring the implementation of TDM for lithium in April 2012. 12 In September 2012, the Pharmaceuticals and Medical Devices Agency issued a second warning requiring more TDM for lithium. 13 In the warnings, cases of serious lithium poisoning were presented. According to the package insert for lithium, 8 serum lithium level should be measured about once a week at the initial phase of administration as well as during the dose-increase phase, until the maintenance dose is fixed. Then, it should be measured about once every 2 to 3 months during the maintenance dose phase. However, the clinical effect of regulatory warnings on TDM use for lithium has not been evaluated.
As Japanese claims contain codes related to TDM, it may be possible to estimate prevalence of TDM. The cost of TDM is reimbursed only for a limited number of drugs, including lithium. Even if multiple measurements of blood concentration of lithium were performed, the cost for only one TDM is reimbursed each month. As an exception, the cost for 2 TDMs per month is reimbursed if the patient uses 2 or more TDM drugs (eg, lithium and an antiepileptic drug).
The aim of this study was to estimate the prevalence of TDM for lithium and assess the impact of regulatory agency warnings on lithium prescribers.
MATERIALS AND METHODS

Data Sources
We used claims and enrollment data of the beneficiaries of dozens of corporate health insurance company policies in Japan. Data for 1,707,346 beneficiaries, who were workers in private firms, and their dependents aged between 20 and 74 years during the study period (January 1, 2005-March 31, 2014) were collected and maintained by Japan Medical Data Center Co, Ltd. 14 Information for demographics (age and sex), healthcare utilization (outpatient visits and hospitalization), drugs, diagnoses, and procedures, including orders for the measurement of blood concentration for TDM, was available from the claim data. In the claims data, more than 20,000 local drug codes are used to specify the trade name for all of the approved drugs. 15 Diagnoses were coded using the International Classification of Diseases, 10th edition (ICD-10). Enrollment data contained the dates of enrollment and disenrollment of the insured. The authors selected all patients prescribed lithium from the database and analyzed the data to find out the prevalence of TDM for lithium and to evaluate the impact of regulatory actions.
Statistical Analysis
We described the baseline characteristics of patients at the time of each patient's first lithium prescription. The numbers of lithium prescriptions and TDM measurements for lithium were counted by year. The annual prevalence of TDM for lithium in patients receiving the drug was calculated by dividing the number of claims with TDM for lithium by the number of patients with lithium. In addition, the prevalence was calculated in patients taking no TDM drugs (eg, valproic acid, carbamazepine, and haloperidol) other than lithium and in patients who did not have a lithium prescription in the previous 365 days (new lithium users).
In addition, the authors estimated the prevalence of TDM for lithium in each month between April 2010 and March 2014 and examined changes in the trend (slope) and level (intercept) of monthly prevalence before and after each of the 2 warnings. A segmented regression analysis 16 was applied to evaluate the impact of the regulatory warning issued in April and September 2012. The data for this analysis were restricted to the four-year period between April 2010 and March 2014, in which 2 warnings were issued in April and September 2012.
Moreover, we counted the number of patients with the ICD-10 code (T435) related to lithium intoxication and examined the implementation status of TDM. All analyses were performed using SAS V.9.4 (SAS Institute Inc, Cary, NC).
Ethical Considerations
This study was approved by the ethics committee at the Nihon University School of Pharmacy (No. 14-012). Obtaining informed consent was waived because the authors used only anonymized data with serial study IDs created by the data vendor.
RESULTS
Between January 2005 and March 2014, 136,956 prescriptions of lithium were issued to 5823 patients ( Table 1) . The proportion of patients with TDM performed at least once Only 3 cases of lithium intoxication were observed; however, for one of them, the blood concentration for lithium was not measured until poisoning occurred.
The mean annual prevalence of TDM for lithium was 14.9% (95% confidence interval, 14.73%-15.11%), and the prevalence increased after 2012 (Table 2) . By sex, the mean prevalence in women (14.6%, 14.34%-14.90%) and men (15.1%, 14.90%-15.41%) were almost the same (P = 0.89). Although the prevalence of TDM in new users of lithium (9.8%) was slightly higher (P = 0.02) than that in the prevalent users of lithium with or without other TDM drugs (8.9%), the prevalence in users of lithium without other TDM drugs (7.3%) was lower (P , 0.01) than those of either of the 2 populations.
In Figure 1 , the observed monthly prevalence (solid line) and the prevalence estimated by the segmented regression analysis (dotted line) are shown. The estimated mean level (intercept) of the prevalence jumped abruptly by 6.9% (P = 0.001) after the regulatory warning in April 2012, whereas no change in the level was observed after the warning in September 2012 (P = 0.47). 
DISCUSSION
We described the annual prevalence of TDM use in patients prescribed lithium in a young-and middle-aged Japanese population between January 2005 and March 2014, which was approximately 15%, although the prevalence in new patients was slightly lower in new users (9.8%). These figures were almost completely consistent throughout the study period. Measurement of blood concentration of lithium in patients prescribed that the drug is recommended in the package insert 8 and guidelines; 5 however, the frequency of TDM for lithium users was low. Regulatory warnings 12,13 requiring compliance with the measurement of blood levels during treatment with lithium, issued twice during the fivemonth period, were associated with an increase in the prevalence of TDM for lithium. However, the impact of the second warning was not remarkable compared with the first one in the segmented regression analysis. 16 The annual prevalence (14.9%) in the Japanese patients seemed to be low in this study; a low prevalence (approximately 2%-5%) of TDM for antipsychotics was also shown in a previous study. 11 It has been recognized by psychiatric physicians that only a relatively small proportion of lithiumtreated patients are free of adverse drug reactions. 17 Lithium toxicity is preventable in most cases, primarily by careful clinical examination but also by the proper use of TDM. In managing the side effects of lithium, one of the basic strategies is watchful waiting 17 along with the judicious use of TDM.
In addition, the prevalence of men receiving TDM was higher than that of women in a previous study on antipsychotics, 11 which is contrary to findings of Marcus et al. 18 Our findings showed that the prevalence of women receiving TDM was similar to that of men, although the reason of this is unknown.
Some types of warnings were shown to have minimum impact on clinical practice. When cisapride, a drug metabolized by the cytochrome P450 3A4 (CYP 3A4) enzyme, was simultaneously used by patients taking an inhibitor drug for CYP 3A4, the risk of serious cardiac arrhythmias was increased. 19 Although 3 regulatory warnings were issued for cisapride, Smalley et al 20 reported that these actions had no impact on the contraindicated use of cisapride, consequently. In our study using the segmented regression analysis, the first warning was associated with an increase of the prevalence of TDM for lithium, although the second warning had no significant impact. To enhance TDM of lithium, intervention at the national or hospital level in addition to warnings may be useful. To confirm implementation of TDM, for example, it may be necessary to establish registration for patients prescribed lithium, to complement "regulatory warnings." In addition, additional risk communication such as direct communication from a pharmacist to a physician in each hospital may be necessary because there was a report showing that pharmacist intervention was effective for TDM use. 21 The second regulatory warning did not show an immediate effect in our study. The effect of the second warning was also different from the first one in various studies 22, 23 of cisapride. These findings may be due to different research designs and analysis methods. It was also possible that several intermediate mechanisms (warnings inside the hospitals or professional bodies and sharing the information between prescribers etc.) after the second warning were different from those after the first warning.
The strength of the current study is that we estimated the prevalence of TDM for lithium. Although related research has included a nationwide study of TDM of lithium, 2,9,10,24-26 only a few studies have evaluated the prevalence of TDM. To estimate prevalence, data are required on both the population prescribed lithium (total population) and the population in which TDM for lithium was performed. The prevalence of TDM for lithium was assessed in several countries as 0.13% (UK in 1992), 27 1.2% (Germany in 2006), 28 8.9% (Japan: our study), 30% (UK in 2010), 29 36.5% (US in 1999), 18 and 80% (UK in 2017). 30 Therapeutic drug monitoring for lithium in the United States and Japan is underused, whereas the increase in prevalence in the UK may be related to support by the National Patient Safety Agency. 31 This study has some limitations. First, the authors measured the prevalence of TDM for lithium but could not measure the incidence of lithium toxicity. Second, the authors did not have accurate information on the number of tests to measure blood concentration of lithium. Instead of directly counting the number of TDM measurements for lithium, we counted the number of healthcare claims indicating that blood concentrations were examined. Because TDM for lithium can be claimed only once a month, we might have underestimated the prevalence of TDM for lithium. Third, by the claims data with TDM, the authors were unable to identify which TDMtargeted drug was measured. However, the prevalence of TDM in patients who had not been prescribed TDM drugs other than lithium (7.3%) was lower than that of lithium users with or without other TDM drugs (14.9%). Fourth, these findings might not be generalizable to the elderly population and people under the age of 20 because the study population included only patients between 20 and 74 years old. However, as the prevalence of TDM for antipsychotics was highest in the young-and middle-aged population, according to Wallerstedt and Lindh, 11 and if this was also the case with our study, the prevalence in the children or elderly population might be less than 14.9%. Fifth, the authors could not distinguish patients between those in psychiatric special hospitals and those in other hospitals. According to the study using the retrospective chart review of inpatients using lithium in a psychiatric hospital, 73% of lithium users underwent blood concentration measurement. 32 The prevalence may be therefore different depending on hospital characteristics, such as general hospitals versus university hospitals or psychiatric specialty hospitals.
CONCLUSIONS
We found that the annual prevalence of TDM for lithium was low (approximately 15%), although TDM for lithium is strongly recommended by the guidelines and package inserts for lithium. Findings indicate that TDM is not a standard in clinical practice. The regulatory warnings had a small impact in raising the prevalence of TDM for lithium. To improve safety for lithium users and to learn the prevalence of TDM in pediatric and elderly populations, further study is needed. 
